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Scattering mechanisms in textured FeGe thin films:
magnetoresistance and the anomalous Hall effect
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School of Physics & Astronomy, University of Leeds, Leeds, LS2 9JT, UK
(Dated: October 11, 2018)
A textured thin film of FeGe was grown by magnetron sputtering with a helimagnetic ordering
temperature of TN = 276 ± 2 K. From 5 K to room temperature a variety of scattering processes
contribute towards the overall longitudinal and Hall resistivities. These were studied by combin-
ing magnetometry and magnetotransport measurements. The high-field magnetoresistance (MR)
displays three clear temperature regimes: Lorentz force MR dominates at low temperatures, above
T ≈ 80 K scattering from spin-waves predominates, whilst finally for T & 200 K scattering from
fluctuating local moments describes the MR. At low fields, where the magnetisation is no longer
technically saturated, we find a scaling of magnetoresistance with the square of the magnetisation,
indicating that the MR due to the unwinding of spins in the conical phase arises from a similar
mechanism to that in magnetic domain walls. This MR is only visible up to a temperature of about
200 K. No features can be found in the temperature or field dependence of the longitudinal resistiv-
ity that belie the presence of the underlying magnetic phase transition at TN: the marked changes
in behavior are at much lower temperatures. The anomalous Hall effect has a dramatic tempera-
ture dependence in which the anomalous Hall resistivity scales quadratically with the longitudinal
resistivity: comparison with anomalous Hall scaling theory shows that our system is in the intrinsic
“moderately dirty” regime. Lastly, we find evidence of a topological Hall effect of size ∼ 100 µΩcm.
PACS numbers: 75.70.Ak, 73.50.Jt, 68.55.-a, 72.15.Gd
I. INTRODUCTION
In recent years there has been a resurgence of inter-
est in B20-ordered transition metal monosilicides1–8 and
monogermanides.9–15 The magnetic ground state of these
alloys is helimagnetic by virtue of the hierarchy of energy
terms which determine the magnetic order. What distin-
guishes these alloys from conventionally ordered ferro-
magnets is that the B20 unit cell lacks inversion sym-
metry. This results in a non-vanishing Dzyaloshinskii-
Moriya interaction (DMI) which tends to favour orthogo-
nal spin configurations. This is typically weaker than the
ferromagnetic (FM) Heisenberg exchange which favours
parallel spin alignment, and a compromise is reached
causing neighbouring spins to cant with respect to one
another leading to non-trivial chiral spin textures. In
FeGe the ground state is helimagnetic with a pitch, λ,
(determined by the ratio of the FM and DMI energy
terms, λ ∝ A/D) of ∼70 nm.9,13,16,17 When a magnetic
field is applied along the propagation direction of the he-
lix it is distorted into a conical state which saturates at
high fields into the FM uniformly magnetized state. Neu-
tron scattering2 provided clues as to a further complexity
in the phase diagram leading to the direct observation6 of
a complex spin modulation known as a skyrmion crystal:
a hexagonally close-packed arrangement of topologically
protected knot-like spin textures with potential applica-
tions in spintronics.18–21
Much of the research on the B20 alloys has been on
bulk single crystal material but there has been recent
progress growing films by molecular beam epitaxy on
Si (111) substrates.5,8,22,23 Epilayers of FeGe have re-
cently been produced by Huang and Chien by the rela-
tively faster and more cost-effective method of magnetron
sputtering,11 a growth technique previously used to grow
polycrystalline B20 Fe1−xCoxSi
24. Here we report the
growth of a textured film of FeGe also using dc magnetron
sputtering at elevated temperatures following a similar
method to that described in Ref. 11. In this report
we focus on the magnetometry and magnetotransport of
an 82 nm thick sputtered film, and have determined the
scattering mechanisms responsible for the observed tem-
perature dependence of the magnetoresistance (MR) and
anomalous Hall effect (AHE).
Despite decades of research the AHE has many aspects
that are still open questions.25 The origins of the effect
are all in some manner based upon spin-orbit coupling,
but the individual mechanisms contributing to the overall
effect can be difficult to deconvolute from one another. It
is now generally accepted that skew scattering, side-jump
scattering, and intrinsic anomalous contributions to the
transverse resistivity ρxy sum to account for the AHE,
with each mechanism having a power law scaling with
respect to the longitudinal resistivity ρxx.
25 Accurately
determining which mechanism is most influential involves
determining which scaling holds experimentally. This can
be achieved by production of multiple samples either by
doping,26 tailoring thicknesses to alter the longitudinal
resistivity,27,28 or simply from individual samples as was
the case for early experiments on Fe and Ni.29 In FeGe we
measure here a single film which has a strong quadratic
dependence of the AHE on the longitudinal resistivity
over a wide temperature range.
In addition, we report a large MR in the saturated
FM state that displays three clear temperature regimes
in which different scattering mechanisms must predom-
2inate. An unexpected experimental fact is that none of
the boundaries of these regimes coincide with the mag-
netic phase transition — where there are, in fact, no
discernible features in ρxx(H,T ) — but occur at much
lower temperatures. By fitting the the high-field MR at
all measured temperatures we are able to extract the MR
due to scattering from the conical magnetic texture oc-
curring below magnetic saturation, which arises from a
similar giant magnetoresistance-type mechanism to that
in magnetic domain walls. Finally, we observe the topo-
logical Hall effect in our FeGe film, reproducing the im-
portant observation of Huang and Chien,11 and confirm-
ing the quality of our thin film monogermanide materials.
II. SAMPLE GROWTH AND
CHARACTERISATION
Textured FeGe films were grown by dc magnetron sput-
tering on substrates held at elevated temperatures with
a base pressure of 1.3 × 10−7 Torr. Pieces of Si (111)
wafer (room temperature resistivity of 2-3 kΩcm) were
annealed at 550 ◦C for 5 hours then exposed to an in-
situ Ar ion mill for 10 s to remove the native oxide. Ap-
proximately one atomic monolayer of pure Fe was then
deposited to generate an FeSi seed layer by solid-phase
epitaxy. The FeGe film was then co-sputtered from pure
targets with a net rate of 1.2 A˚/s in an Ar:H2 (4 % H2)
working gas at 3 mTorr onto a substrate held at 470 ◦C.
The film thickness was determined by low angle X-ray
reflectometry to be 82± 2 nm.
Textured FeGe (111) grows on Si (111) by virtue of a
30◦ in-plane rotation of the interface FeGe with respect
to the substrate.30 This has been demonstrated for other
B20 alloys, such as MnSi3,22 and Fe1−xCoxSi
8, with a
biaxial strain of -3.0 and -5.6 % respectively, distorting
the cubic B20 phase into a rhombohedral form. By com-
parison, FeGe has only a -0.5 % lattice mismatch with
the substrate and as such the influence of strain should
be much reduced.
High angle X-ray diffraction (XRD) was used to de-
termine the film texture, with the data displayed in
Fig. 1. Aside from the (111) reflection from the Si
substrate, the most prominent Bragg reflection is from
(111)-oriented FeGe, relating to an interplanar spacing of
d111 = 2.704± 0.001 A˚. On the basis of the small strain
relationship and assuming a cubic B20 unit cell with in-
ternal angles of 90◦ the lattice parameter was hence cal-
culated to be a = 4.683 ± 0.002 A˚, approximately 0.1
% larger than the lattice parameter reported for bulk of
4.679 A˚.31
A rocking curve for the FeGe (111) reflection is shown
in the inset of Fig. 1, indicating a mosaic spread of ∼ 1◦
indicating a high degree of texture but not fully epitaxial
growth. Although FeGe oriented with the (111) direction
normal to the surface is the most prominent phase there
was also a weak (210) reflection and some Ge (111) tex-
ture observed. The former is likely to arise in magnetron
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FIG. 1. XRD of the 82 nm film has narrow Bragg peaks
corresponding to the B20 phase of FeGe in the (111) texture
and smaller impurity peaks arising from Ge and misoriented
FeGe grains. A rocking curve taken at 2θ = 33.1◦ through
the FeGe (111) peak, is shown as an inset.
sputtering, which is a more energetic growth process than
MBE, resulting in a small proportion of grains with dif-
ferent textures. The latter phase segregation is likely to
be a result of slightly off stoichiometric growth. We will
nevertheless see that the influence of this impurity phase
on the magnetotransport properties of the textured film
is minimal, and that FeGe plays the dominant role.
III. MAGNETOMETRY
The magnetic properties of the film were characterized
by superconducting interference device vibrating sample
magnetometry (SQUID-VSM) in the temperature range
5-340 K, spanning the anticipated temperature for heli-
magnetic ordering reported for bulk of TN = 278.2 K.
10
At 5 K, magnetic hysteresis loops were measured with
the applied magnetic field, H , applied parallel (IP) or
normal (OOP) to the film plane as shown in Fig. 2(a).
The magnetization of 330 ± 10 kA/m corresponds to a
moment of ms = 0.924± 0.003 µB per Fe atom, a figure
that is slightly less than the bulk expectation of 1 µB per
Fe atom,11,31,32 but nevertheless indicative that FeGe is
the predominant alloy in the film.
Utilising the model of Karhu et al.33 for films with coni-
cal modulations of the local magnetization, and assuming
a helical wavelength of 70 nm9,11 an easy-plane magne-
tocrystalline anisotropy was calculated, with anisotropy
constant Ku = 14.3 kJ/m
3. For bulk FeGe the propaga-
tion direction, nˆ, of the helix is determined by a weak
anisotropic exchange defined by the crystal axes,17,34
which favour propagation along the 〈111〉 directions at
low temperatures.35 This anisotropy can be easily over-
come by a weak applied magnetic field which reorients
the helix.17 For our films both magnetocrystalline and
shape anisotropy (for local spin directions) overshadow
this weak crystal anisotropy (for the helix propagation
direction), encouraging spins to lie within the plane of
the film: this defines the propagation direction of the he-
lix as being normal to the film plane. One would thus
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FIG. 2. (Color online) Magnetic properties of the 82 nm FeGe
film. (a) Anisotropy in the magnetization for in plane (IP)
and out of plane (OOP) applied magnetic fields at 5 K. (b)
Temperature evolution of the magnetization, measured in an
OOP field, plotted from high (red) to low (green) tempera-
tures with only a few labeled for clarity. (c) Saturation mag-
netization extracted from the hysteresis loops (left ordinate
axis) and magnetic susceptibility measured in an IP field, χac,
(right ordinate axis) in a dc magnetic field of 2 mT with an
AC excitation of 1 mT at 23 Hz as a function of temperature.
An enlarged view of χac close to TN is shown as an inset.
anticipate an in-plane field to unwind the helix with the
spin remaining in the plane of the sample, giving rise
to helicoidal states.36 In an out-of-plane field the helix
is expected to deform continuously from a helix through
a conical state, finally reaching a uniformly magnetized
(saturated) phase above a critical field, Hc.
33
The temperature evolution of the out-of-plane mag-
netization is shown in Fig. 2(b). The magnetization
is weakly hysteretic, with a maximum coercive field of
10 mT at 5 K and less than 1 mT at 240 K, but otherwise
the magnetization follows a nearly reversible sweep of the
cone angle which decreases at higher fields approaching
saturation. The saturation field µ0Hc, where µ0 is the
permeability of free space, is weakly temperature depen-
dent and reduced from ∼ 1 T at 5 K to ∼ 750 mT just
below TN. The saturation magnetization Ms extrapo-
lated from these data is plotted in Fig. 2(c). In order to
accurately determine the ordering temperature TN, an IP
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FIG. 3. (Color online) Resistivity ρxx of the patterned Hall
bar device (image from an optical microscope inset), mea-
sured at zero field as a function of temperature. The residual
resistivity ρxx0 ≈ 50µΩcm is indicated by an arrow.
field orientation was used with a 1 mT alternating mag-
netic field at 23 Hz applied in conjunction with a static
field of 2 mT to determine the ac magnetic susceptibility
χac = dM/dH of the film. The ordering temperature,
TN = 276 ± 2 K was determined from divergence of the
susceptibility which is detailed in the plot that forms in-
set of Fig. 2(c). This value falls within the range of
reported values for bulk of 275-278.7 K.10,16,17
At high temperatures, the susceptibility is found to
obey a Curie-Weiss law, χ = C/(T − TN). Fitting the
data yields TN = 283± 1 K, slightly higher than that de-
termined above, and a Curie constant C = 0.40±0.03 K.
This gives a moment ofmc =
√
3kBC/µ0n = 2.8±0.1 µB
per Fe atom in the paramagnetic phase, where n is
the number density of Fe atoms. This yields a ra-
tio mc/ms = 3.1 ± 0.1, implying a considerable degree
of itinerancy in the moments according to the Rhodes-
Wohlfarth picture.37
IV. LONGITUDINAL RESISTIVITY
A. Temperature dependence
The thin film was then patterned using photolithog-
raphy and Ar ion milling to define a Hall bar with a
5 µm width. A micrograph of the final device is shown
as the inset of Fig. 3. The longitudinal resistivity ρxx
was measured using a four wire method, biased with a dc
current (used for all subsequent transport) of ±100 µA.
The data depicted in Fig. 3 show the temperature de-
pendence of the resistivity, which is similar in size and
functional form to previous FeGe films.11 Although the
behavior is metallic, in the sense that dρxx/dT is posi-
tive at all temperatures, there are two features that de-
part from the usual properties of a magnetically ordered
metal: the curve is not linear at high temperatures, and
there is no cusp (or feature of any sort) at the magnetic
ordering temperature TN.
4B. High-field magnetoresistance
The MR was measured with the magnetic field applied
perpendicular to the sample plane, and is shown in Fig.
4(a). For temperatures below about 200 K, there is a
low field contribution to the MR, ρcone, which is the con-
tribution to scattering arising from the conical magnetic
state and saturates beyond Hc. This has been shown for
an in-plane field in MnSi where the helix is discontinu-
ously unwound into a low resistance saturated state.36
With the helical propagation vector of the helix defined
by the anisotropy one would expect a continuous rotation
of the high resistance spin helix through the conical state
to the low resistance saturated state, leading to a smooth
reduction in ρxxup to H = Hc, exactly as is seen in our
data. We will discuss this conical magnetoresistance in
more detail in §IVC below.
Beyond Hc, the magnetisation is technically saturated
and other high-field mechanisms will come into play. It
is helpful to consider these scattering contributions in
three temperature regimes. The T dependence high field
slope of the MR is displayed in Fig. 4(f), exhibiting
two marked changes in slope, which separate these three
regimes. Below about 80 K the high-field MR is positive,
with positive curvature. Above this temperature the MR
switches over to be negative: initially it is close to linear,
but then goes on to develops a pronounced positive cur-
vature once again at temperatures above about 200 K.
Evidently, different underlying mechanisms of high-field
MR are predominant in these different regimes.
The MR at low temperatures and high fields (H > Hc),
defined as ∆ρxx/ρxx = (ρxx(H) − ρxx(0))/ρxx(0), orig-
inates from the orbital motion of free carriers due to
the Lorentz force, and depends upon the Larmor fre-
quency ωc and the mean free scattering time τ . This
contribution to the longitudinal resistivity takes the form
ρxx ∝ (ωcτ)
q = (µµ0H)
q, where µ is the carrier mobil-
ity and the exponent q = 2 in standard theories that
consider cyclotron motion of the electrons in the field.38
However, departures from q = 2 are commonplace in the
experimental literature, with 1 < q < 2 having been
observed in systems as diverse as spin-glasses,39, degen-
erately doped semiconductors,40 and thin films of ferro-
magnetic metals.41 As the temperature rises, the mean
free scattering time shortens, weakening this orbital MR
contribution. Ferromagnets are known to display a nega-
tive linear MR, arising from the suppression of electron-
magnon scattering when a high field opens a gap in the
magnon spectrum.41,42 This effect gets stronger as the
temperature rises, since there are then more magnons to
suppress. The observed MR at intermediate tempera-
tures is as we would expect based on this picture when
the film is in a single domain FM state (i.e. H > Hc).
This linear MR is expected to be valid for T < TN/2 but
for T > TN/2 this physical picture is no longer appli-
cable as it underestimates spin disorder (just as conven-
tional spin wave theory, which yields the low tempera-
ture T 3/2 Bloch law, fails as the critical temperature is
approached). This spin disorder becomes significant near
TN where optical magnons and Stoner excitations
43 are
thermally populated, providing short range spin fluctua-
tions. The MR in this regime has yet to receive detailed
theoretical attention. Above TN only the local moments
that contribute to the paramagnetic susceptibility per-
sist, where we observe a negative, nonlinear MR. Ex-
tending the work of Yosida,39 Khosla and Fischer have
given a semi-empirical model of local moment scattering
based on third order perturbation expansions of the s-d
exchange Hamiltonian, which predicts this form of the
MR.40 Although developed to describe scattering from
In impurities in CdS, it has subsequently been widely
applied to many other materials systems. Given that the
essential ingredients of the model are simply a degen-
erate electron gas containing thermally fluctuating local
moments, and so we can expect that it can also describe
our data at high temperatures.
For T . 80 K, the orbital MR dominates at high fields
and the longitudinal resistivity is expected to obey
∆ρxx(H) = ∆ρcone(H) + ρxx(0)(µµ0H)
q, (1)
where µ is the mobility For 80 . T . 200 K, the lin-
ear, negative MR from electron-magnon scattering is the
dominant high field contribution. In this regime the total
MR is described to given by
∆ρxx(H) = ∆ρcone(H)− c1µ0H. (2)
For T & 200 K spin-fluctuations become important and
the semi-empirical formula of Khosla and Fischer40 for
the local moment scattering,
∆ρxx(H) = ∆ρcone(H)− b1 ln
(
1 + (b2µ0H)
2
)
, (3)
best describes the high-field MR.
Representative fits of the MR forH > Hc in these three
temperature regimes (using Eqs 1, 2, and 3) are shown in
Figs 4(b), 4(c), and 4(d) respectively. The parameters re-
turned by these three fits were (at 5 K) µ = 0.0064 m2/Vs
and q = 1.41, (at 150 K) c1 = 0.18 µΩcm/T, and (at
270 K) b1 = 4.9 µΩcm and b2 = 0.56 m
2/Vs. As in many
materials, we do not obtain the canonical result of q = 2.
Rather, we find here that 1 < q < 2, as reported in fer-
romagnetic iron,41,44 for instance. Although the magnon
scattering MR in metallic Fe, Co, and Ni was found to
fall on a universal scaling curve for all three metals, the
value of c1 we obtain here is roughly an order of mag-
nitude too large to scale in the same way. This points
to a different form of magnetic excitation in FeGe, not
surprising in view of the helimagnetic, rather than ferro-
magnetic, ground state of this material. The fitting pa-
rameters returned by the Khosla-Fischer expression are
not straightforward to interpret, although we note that
our value for b2 is small compared to those reported in
their paper for CdS:In, consistent with the trends they
observe in carrier density and temperature.
As shown in the inset of Fig. 4(a), the MR be-
comes dramatically stronger near the ordering temper-
ature. This is summarised in Fig. 4(f), where the field
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FIG. 4. (Color online) Magnetoresistance of the Hall bar de-
vice at various temperatures measured with the magnetic field
applied out-of-plane. (a) MR(H) at various temperatures. In
high fields (above Hc) the MR varies from a positive contri-
bution below 80 K to a large negative contribution near room
temperature (see inset). (b), (c), and (d) show fits (solid lines)
to the MR for H > Hc at 5, 150, and 270 K respectively, using
models described in the main text. (e) The contribution to
MR in the conical phase extracted the data shown in panel
(a) by subtraction of the high field MR. (f) The gradient of
the MR between 7 and 8 T is shown on the left ordinate axis.
The large negative MR persists even above the ordering tem-
perature. The right ordinate axis illustrates the residual MR
from the fits originating from the conical phase.
derivative of the MR between 7 and 8 T is plotted as
a function of temperature. The changes in gradient of
this curve clearly reveal the three temperature regimes
described above. A dramatic enhancement begins at
∼ 230 K and extends well beyond TN = 276 K. It is
remarkable that, like the ρxx(T ) curve presented in Fig.
3, there is no change in the MR that indicates that a
critical point has been passed and a phase transition has
taken place at TN. Indeed, it is very surprising that the
Khosla-Fischer formula still fits the data very well for
T < TN, where it is not obvious that the assumptions
that underpin it still hold good. Whilst this may be for-
tuitous, it is also possible (given the lack any indication
of a phase transition in the magnetotransport) that the
scattering processes in FeGe not too far below TN are
quite similar to those in the paramagnetic regime.
Within the limits for our measurement equipment we
found that the MR is still increasing for T exceeding TN
by as much as 14± 3 K. It is likely that this increase in
MR is due to the spin fluctuations that are expected near
to critical points, where one expects low energy fluctu-
ations with extended correlation lengths.45 Near to the
ordering temperature these spin fluctuations may be he-
lical in nature due to the presence of DMI, but tend to be
FM in character further from TN, all the while reducing
in intensity.45 Thus at higher temperatures the influence
of spin fluctuations on the resistivity is diminished and
we would anticipate the magnitude of this contribution
to decrease again for T > TN, as is the case with heli-
magnet MnSi.46–48 In FeGe, magnetic fluctuations have
been measured well above the temperatures for establish-
ing long-ranged magnetic order,34 which can account for
the observed MR far above TN in our film.
C. Low-field magnetoresistance
Below Hc the MR arises from the closing up of the mo-
ments in the field direction: the zero-field helical state is
deformed into a conical state and the moments all align
with the field direction beyond Hc. Using the fits from
Eqs 1, 2, and 3 the contribution to the MR from these
high field effects was subtracted from the data to yield
the MR arising from the suppression of the conical state,
∆ρcone/ρxx: isotherms are plotted in Fig. 4(e). The re-
sistance is highest at zero field in the helical state and
saturates above Hc. The magnitude of this MR at sat-
uration is plotted in Fig. 4(f) as a function of temper-
ature. The contribution to scattering from the conical
phase is weakest near TN, but as the temperature is re-
duced scattering from the spin texture becomes a signifi-
cant contribution to the film resistance. It is remarkable
that this MR arising from the suppression of the conical
state collapses at ∼ 200 K, well below TN. This lends
further support to the idea that the scattering processes
in the regime 200 K . T < TN are akin to to those in the
paramagnetic regime, but are distinct from those which
predominate at lower temperatures.
The conical MR mechanism is very similar to that for
domain wall MR,49 where spin misalignments on neigh-
bouring atomic sites lead to mixing of the spin chan-
nels. This can be treated quantum mechanically using a
“giant-magnetoresistance” (GMR)-type Hamiltonian,50
where the domain wall is treated as half a turn of a spin
helix. In this case a scaling of ∆ρcone ∼ −M
2 is expected.
In a GMR-type model, the MR can be written as
∆ρcone
ρxx
= −
(
∆ρmax
ρxx
)
×
1
2
[1 + cosψ] (4)
when normalized to the zero-field value of ρxx, where ψ
is the angle between spins in neighboring atomic planes
and ∆ρmax is the change in resistivity when neighbour-
6ing spins go from fully antiparallel to parallel under the
application of an applied field.
It is convenient to work in spherical co-ordinates. In
the conical state the helical modulation vector lies in the
field direction, and so all moments make an angle θ with
the field axis (the cone angle), which drops from pi/2 to
zero as the field is increased. Thus, cos θ = (M/Ms).
Along the helical direction, there will be a difference in
azimuthal angle ∆φ = 2pia/λ between spins on adjacent
lattice sites (where a is the lattice constant and λ is the
period of the spin helix). Writing the azimuthal angle of
one momentm1 as −∆φ/2 and its neighborm2 as ∆φ/2,
we can express the scalar product of the two spins as
m1 ·m2 = m
2
[
sin2 θ cos2
(
∆φ
2
)
− sin2 θ sin2
(
∆φ
2
)
+ cos2 θ
]
. (5)
Inspection of Eq. 5 shows that the expression within square brackets is equal to cosψ. Defining f = cos2 (∆φ/2) −
sin2 (∆φ/2) = cos∆φ), we can see that cosψ = f + (1 − f) cos2 θ, where the quantity f gives the reduction in MR
amplitude due to longer period modulations with respect to the maximum that occurs case where neighboring spins
lie antiparallel in the ground state, i.e. λ = 2a.
This result can be substituted into Eq. 4 to obtain the required scaling of MR with −M2 in the only term that
varies with magnetic field:
−
(
∆ρcone(H)
ρxx
)
=
(
∆ρmax
ρxx
)
×
1
2
[
1 +
{
f + (1− f)
(
M(H)
Ms
)2}]
. (6)
A plot of conical MR (the data for −(∆ρcone/ρxx)
shown in Fig. 4(e)) against M2 is shown in Fig. 5
for various temperatures, confirming that this simple
model captures the relevant physics. In all cases up
to T ≈ 200 K the data show excellent linearity up to
Hc, beyond which, as expected, there is a sharp upturn
in the data and the scaling breaks down as the coni-
cal state has now been saturated. The scaling constant
a = (−∆ρcone/ρxx)/M
2 drops linearly with tempera-
ture up to 200 K. At higher temperatures the very small
conical MR means that the data are quite noisy, but a
roughly linear behavior can still be discerned. From the
present data set, it is not possible to decompose the vari-
ation in a with temperature into that part arising from
changes in the helical pitch (which will modify f in Eq. 5)
and changes in the prefactor (∆ρmax/ρxx) (which arises
from nonadiabatic spin-mistracking in the Levy-Zhang
theory50). A separate measurement of one or the other
is required, although the latter can be expected to have a
much stronger temperature dependence, since it depends
on the spin-polarization of the current,42,50 which drops
steeply as the temperature rises.
V. ANOMALOUS HALL EFFECT
The temperature dependence of the off-diagonal com-
ponents of the resistivity tensor were measured in the
Hall voltage, which was measured simultaneously with
the MR. The Hall resistivity ρxy is shown in Fig.
6(a). In helimagnets it is expected to comprise three
contributions:51
ρxy = ρ
o
xy + ρ
a
xy + ρ
t
xy. (7)
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FIG. 5. (Color online) Scaling of the magnetoresistance in
the conical state. Below the critical field Hc, above which the
magnetisation is uniform, there is a clear scaling of the form
− (∆ρcone/ρxx) = aM
2, as predicted in a GMR-type model.
The inset shows the temperature dependence of the scaling
constant a.
The first term, the ordinary Hall effect (OHE), ρoxy =
R0µ0H , is proportional to the applied field. The second
term ρaxy = RsM is the anomalous Hall effect (AHE)
contribution arising from spin-orbit coupling, and is pro-
portional to the magnetizationM through the anomalous
Hall coefficient Rs.
25 The third term ρtxy is the topologi-
cal Hall effect (THE), which arises from Berry phase ef-
fects when the spin textures in the film exhibit non-zero
skyrmion winding number density.52,53 This has previ-
ously been detected in FeGe thin films,11 and will dis-
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FIG. 6. (Color online) The Hall effect. (a) The Hall resistiv-
ity ρxy of the device is shown measured in the temperature
range 5-290 K. The dashed lines are fits to the ordinary Hall
effect using the two carrier model. (b) The Hall effect from
(a) with ordinary Hall contributions subtracted leaving only
anomalous and topological contributions. (c) The strong tem-
perature dependence of the anomalous component of the Hall
effect ρaxy peaks near 200 K. (d) Correlation of the Hall resis-
tivity scaled by the saturation magnetization with the longi-
tudinal resistivity. The dashed line is a fit of the quadratic
function given by Eq. 9 with α = 0 to the data for T < 230 K.
cussed in §VI below.
At low temperatures the Hall resistivity looks as ex-
pected from this simple analysis: there is a steep rise at
low fields due to the anomalous and any topological con-
tribution, and then a shallow slope when only the ordi-
nary part remains. At 5 K, this ordinary Hall slope corre-
sponds to an electron density of (2.41± 2)× 1022 cm−3.
Nevertheless, above about 200 K there is a nonlinear-
ity in the ordinary Hall effect shown in Fig. 6(a), even
above the saturation field. This is particularly evident at
290 K where, although the MR (see Fig. 4(f)) is at its
strongest, the influence of the anomalous Hall resistivity
arising from the longitudinal resistivity is far too small
to account for the observed nonlinearity. This nonlinear
Hall signal can arise in the situation where there are two
carrier types (j = 1, 2) with Hall coefficients, Rj , and dif-
fering mobilities, µj , such that each channel contributes
ρ−1j = µj/Rj to the conductivity.
54,55 If fj = ρ
−1
j /ρ
−1
xx is
the fraction each carrier contributes to the longitudinal
conductivity (such that f1 + f2 = 1), then the net Hall
coefficient is55:
R0 = ρxx
A2 +B2(µ0H)
2
1 +B3(µ0H)2
, (8)
where, A2 = f1µ1 + f2µ2, B2 = µ1µ2(f1µ2 + f2µ1) and
B3 = (f1µ2 + f2µ1)
2.
Although solutions for the individual mobilities and
carrier concentrations cannot be extracted from fits to
the Hall resistivity alone, Eq. 8 was used to fit the non-
linear Hall resistivity above Hc provided ρ
o
xy = R0µ0H .
The excellent fits to the data are shown in Fig. 6(a). This
technique to account for the OHE has been used recently
to obtain the THE in Mn1−xFexSi films
56. Of course
the detailed band structure of FeGe is unknown at the
present time, and this two-carrier model is likely to be a
simplification. However, the transport being dominated
by a small number of the many bands that cross the
Fermi level is quite plausible.
These fits provide a sufficiently accurate empirical de-
scription of the OHE background that they were used
to substract it from the raw data in Fig. 6(a). Fig.
6(b) depicts the remaining Hall signals after this sub-
traction. The temperature dependence of this data is
summarised in Fig. 6(c) at saturation for H > Hc where
one would expect no topological contributions and thus
ρaxy = ρxy − ρ
o
xy. This highlights the strong tempera-
ture dependence of the AHE. From 5-200 K the AHE
increases by over an order of magnitude, to a peak value
of 2.6 µΩcm at about 200 K, but then drops dramat-
ically as TN is approached, where the magnetization is
diminished (c.f. the behavior showed in Fig. 2(c)).
In the remainder of this section we determine the origin
of this AHE, using the usual scaling methods. The AHE
in general has three contributing terms:25
ρaxy =
[
αρxx + βρ
2
xx + bρ
2
xx
]
µ0M(H). (9)
The terms with coefficients of α, β, b correspond to
skew scattering, side-jump scattering, and intrinsic (k-
space Berry curvature) contributions, respectively. A
similar temperature dependence of the AHE shown in
Fig. 6(c) was measured in Mn5Ge3,
57 which the au-
thors attributed to the intrinsic AHE. In Fig. 6(d) we
plot the AHE scaled by the saturation magnetization,
ρaxy/(µ0Ms), and find that sufficiently far below the or-
dering temperature (T < 230 K) only ρ2xx terms are
required to describe changes in the AHE: a fit of Eq.
9 with α set to zero is shown by the dashed line in
Fig. 6(d). (Including a linear term in the fit barely
changes the result, with the coefficient of that term re-
turned by the fit being tiny.) Thus we find that the skew
8scattering contribution, which is typically only signifi-
cant in nearly perfect crystals25,58, is negligible. Never-
theless, the quadratic scaling that we observe is consis-
tent with both the intrinsic (Berry phase) and side-jump
scattering mechanisms. At low temperatures, the mea-
sured anomalous Hall and longitudinal resistivities im-
ply that σxx = ρxx/(ρ
2
xx + ρ
2
xy) = 1.94 × 10
4 (Ωcm)−1,
whilst |σxy| = |ρxy|/(ρ
2
xx + ρ
2
xy) = 3.83 × 10
1 (Ωcm)−1.
This falls onto the scaling curve in the theory of Onoda,
Sugimoto, and Nagaosa squarely within the ‘moderately
dirty’ regime,58 where σxy is independent of σxx: just
the scaling we see as the temperature is varied. Onoda
et al. argue that the intrinsic mechanism dominates over
side-jump scattering in that regime.
VI. TOPOLOGICAL HALL EFFECT
These results on the scattering leading to MR and the
AHE are the main experimental results we report here.
However, Eq. 7 alludes to the possibility of other contri-
butions to the total Hall effect that cannot be accounted
for by ordinary and anomalous contributions alone. This
component ρtxy is known as the topological Hall effect,
previously studied in FeGe thin films by Huang and
Chien.11 In order to elucidate the field dependence of the
THE we calculate the sum of the ordinary and anomalous
contributions (following the same standard procedure as
Refs.5,11,14) accounting for the hysteresis in M(H) that
will be reflected in the field dependence of the AHE (Eq.
9), as well as including a term linear in field to account
for the OHE:
η(H) = ρaxy + ρ
o
xy
= (β + b)ρ2xxµ0M(H) + µ0R0H.
(10)
This was fitted to the total Hall effect for fields above
Hc (where a uniformly magnetised state is expected and
thus ρtxy should vanish) and is plotted in Fig. 7(a) along-
side the Hall resistivity data. There is a clear discrepancy
between the two curves, which is attributed to the THE.
This difference, ρtxy(H) = ρxy(H) − η(H), is plotted on
the right-hand ordinate axis of Fig. 7(a).
The THE is negative, reaching an extremum at 400 mT
of -31 nΩcm. The data show a strong resemblance to
those of Huang and Chien,11 including the kink in ρxy
occurring from the THE, suggesting that the effect is
repeatable, and robust in spite of the greater degree of
crystallographic order in our film. The order of magni-
tude of the THE is similar to that reported by Huang
and Chien for their 60 nm thick FeGe film, which was
-46 nΩcm. Spin textures that give rise to a THE in-
clude skyrmion lattices in B20 crystals5,11,14,19,59–61 and
fan-structures62. Whatever spin texture is present in our
film, it must be consistent with the MR ∝ −M2 scaling
described in the previous section, but must also repre-
sent a departure from the simple conical state assumed
in the model we present there, since that state has zero
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FIG. 7. (Color online) Topological Hall effect (THE). (a)
Topological contribution to the Hall effect ρtxy at T = 5 K.
The discrepancy between the Hall resistivity ρxy and the sum
of the anomalous and ordinary contributions, η, is accounted
for by THE, plotted on the (right-hand ordinate axis). (b)
Temperature evolution of the THE up to 175 K with the tem-
perature dependence of the extremum shown inset.
net topological winding number. Detailed studies of the
spin textures in thin films of B20 materials are needed to
resolve this point.
The THE extremum grows to −136 nΩcm as the tem-
perature is raised to 150 K, which is perhaps indicative of
a higher skyrmion winding number density than at 5 K,
as shown in Fig. 7(b). Above this temperature the non-
linearity in the ordinary Hall coefficient makes the fitting
process unreliable. Overall, the THE remains negative
over this temperature range, increasing in magnitude as
the sample warms, as previously observed in an epitaxial
sample11. Thus, just as the resistivity ρxx is quite in-
sensitive to the fact that our sample is textured but not
epitaxial (Fig. 3), so is the topological Hall resistivity
ρtxy. Thus, it is reasonable to expect that our findings
about scattering mechanisms leading to MR (§IV) and
AHE (§V) are likely also to apply to epitaxial layers.
VII. SUMMARY
The scattering mechanisms responsible for MR and the
AHE have been determined for a thin film of (111) tex-
tured B20-ordered FeGe. Scattering from spin fluctu-
ations is responsible for the large MR arising near to
the helical ordering temperature, but as the temperature
is reduced the contribution to scattering from electron-
magnon processes becomes weaker. At these lowest tem-
peratures, classical scattering and the Lorentz force from
the magnetic field acting upon the carriers accounts for
the MR above saturation and scattering from the conical
state is at its strongest. The observed MR ∝ −M2 scal-
ing in the conical phase shows that a GMR-type model
is appropriate to describe the spin-dependent scattering.
The conical phase MR vanishes above ∼ 200 K, well be-
low the magnetic ordering temperature of TN = 276 K.
Meanwhile ρxx(H,T ) is featureless at TN. The strong
temperature dependence of the AHE scales as ρxx ∝ ρ
2
xy,
ruling out the skew scattering mechanism. Our results
9are consistent with the scaling theory of Onoda et al.,58
which suggests that the AHE in our material is domi-
nated by the intrinsic, Berry-phase, mechanism.
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